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CONTROL SYSTEM FOR STARTER FOR X-RAY
TUBES

TECHNICAL FIELD OF THE INVENTION

The X-Ray control and generation art, in particular
motor drive systems for X-Ray tube target anodes.

BACKGROUND OF THE INVENTION

The present invention is related to U.S. Pat. No. Re.
28,618 entitled “SOLID-STATE POWER SUPPLY
SYSTEM FOR ROTATING ANODE X-RAY
TUBES”, and to U.S. Pat. No. 3,968,413 entitled

“VARIABLE SPEED STARTER FOR X-RAY

TUBES?”, both patents being assigned to the same as-
signee as the present invention. The disclosures therein
are specifically incorporated herein by reference.

As will be appreciated, the present invention utilizes
concepts, and circuitry similar to those disclosed in said
patents. Importantly, the present invention improves on
aspects of the circuitry disclosed in said patents, and
more particularly provides a control subsystem for im-
proving the acceleration characteristics of the anode
rotation, as will be explained hereinbelow.

X-ray tubes having rotatable anodes are well known.
In such tubes, the anode 1s caused to rotate to present a
continually changing target area so that heat generated
by the electron bombardment may be more easily dissi-
pated. This heat dissipation enables higher energy levels
- to be used, resulting in increased X-ray output as com-
pared with tubes having fixed anodes. The rotating
anodes of X-ray tubes are generally driven by split
phase motors, and in fact may be integral with the ro-
tors of said motors. These motors have been heretofore
operated from power sources capable of providing 180
Hz. A.C. power first at a relatively high voltage for
rapid acceleration of the anode to proper speed, and
thereafter at a reduced voltage during exposure.

There are several reasons why rapid acceleration up
to operating speed is consisdered essential, and they are
related in one way or another to the useful life of the
X-Ray tube. It is generally accepted that such anodes
must rotate above 9,000 r.p.m. to achieve adequate heat
spreading. On the other hand, since the entire rotating
system must be rotatably supported within a static vac-
uum, truly adequate bearing lubrication which will not
outgas and cause flashover destruction of the tube is a
problem which has never been adequately solved. As a
result, prolonged operation at high rotational speeds in
the above-mentioned range can be expected to result in
bearing failure, at which point the tube must be re-
placed. *

This 1s admittedly an expensive operation, and a sub-
stantial prolongation of useful tube life can be expected
in these high rotational speeds can be achieved at very
short time. Since in many cases the actual exposure time
once the anode is up to proper speed can be comparable
with the exposure time itself, any system which materi-
ally reduces the acceleration or windup time is desir-
able. A further advantage of rapid acceleration time
arises from the existence of certain well-known reso-
nances in armature-anode systems, these resonances
typically being encountered in the 6,000-7,000 r.p.m.
range. Such resonances can cause additional wear, and
the time of passage through these critical ranges must
similarly therefore be minimized. |

Moreover, the exact timing of the instant of exposure
may be critical with respect to optimum delineation of
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transient phenomenona in medical diagnosis, as for ex-
ample, the passage of radio-opaque dyes in the blood-
stream or barium salts in the large intestine. Here again,
a substantial reduction in wind-up time to operating
speed would be a useful feature.

A conventional approach, as exemplified in the vari-
ous prior art systems, including the abovementioned
U.S. Pat. No. Re. 28,618, achieves initial rapid accelera-
tion by supplying the 180 Hz. power at an elevated
voltage until the motor has come up close to synchro-
nous speed, after which time the voltage is reduced to
that necessary to maintain the necessary speed in “run”
mode, 1.€., during exposure. There is a limit, however,
beyond which the supply voltage cannot be raised dur-
ing the acceleration phase, and this is set by the satura-
tton properties of the motor. As the motor input voltage
1s raised beyond the point where saturation sets in, very
little additional torque is developed; however, a marked
increase in stator winding current occurs, with concom-
itant possible overheating of the stator windings. Since
the stator windings are normally provided with a com-
bination of high voltage insulation and cooling by
means of an oil bath around them, even a temporary
heating above critical levels can cause gas bubble for-
mation in the oil, with the possibility of attendant high
voltage strikeover causing catastrophic failure of sys-
tem and possible danger to attendant personnel. Thus,
although prior art systems do provide for a measure of
rapid motor windup capability, the acceleration times
achieved remain unacceptably long.

Therefore, it would be a useful feature to be able to
shorten the acceleration time of the motor significantly.

SUMMARY OF THE INVENTION

An apparatus and method are disclosed for controlla-
bly accelerating or “boosting” the rotation of the anode
of an X-ray tube from a stopped condition to a selected
rotating speed within a minimum time. More specifi-
cally, power to the stator of an X-Ray tube motor is
applied at a first higher frequency during an initial boost
cycle. When the rotor has reached a selected running
r.p.m. the frequency is decreased and the voltage sup-
plied to the stator is decreased, whereupon the rotor
continues to operate at its running speed until subse-
quently braked. The foregoing results in an acceleration
characertistic or curve which is steeper or faster due to
the fact that more power can be supplied to the stator at
the higher frequency without saturating the stator, and
also because the acceleration curve is linear to a higher
frequency; that is, the acceleration curve levels off later
in time to thereby provide a more effective boost cycle.
In the preferred embodiment the boost cycle operates at
225 Hz. and the run cycle operates at 180 Hz., which
reduces the length of the boost cycle from 4.5 (four and
one-half) seconds to 3 (three) seconds; that is, it takes
the rotor or anode only 66% as long to attain its running
speed. The frequency is reduced to the lower value to
provide for an acceptable rotation speed of the order of
10,000 r.p.m. during exposure. If the higher frequency
were maintained, then unacceptably high rotation
speeds of the order of 13,000 r.p.m: would resuit.
Rather than prolonging bearing life, such operation
would severely shorten it.

It should be understood at the outset that the inven-
tion is that the indicated frequencies are examplary, and
the inventive system is not to be limited to any specifi-
cally enumerated frequencies or supply voltages. The -
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foregoing features and advantages of the present inven-
tion will be apparent from the following more particu-
lar description of the invention. The accompany draw-
ings herein are useful in explaining the invention
wherein:

DESCRIPTION OF THE DRAWINGS

FIG. 1 is a functional block diagram of the principal
elements of a motor contro! unit used to control the
speed of the drive motor of a rotating anode X-Ray
tube, the motor control unit being interconnected to a
ceniral control unit which supplies the remaining con-
trol and power functions to the tube.

FI1G. 2 is a circuit schematic diagram of the three

principal elements of the motor control unit of FIG. 1,
namely, a controlled oscillator, a controlled power
supply, and an inverter.
FIGS. 3A-3E are timing diagrams showing selected
waveforms at various points in the circuit of FIG. 2.
FIG. 4 is a graph useful in explaining the operation of
the invention.

DESCRIPTION OF THE INVENTION

Refer now to FIG. 1, showing in block schematic
form the two principal elements of a rotating anode
X-Ray system. A central control unit 10 supplied with
electrical power from the power mains over lines 14 and
16 provides to output lines 44—44 the various power
and control signals necessary to power an X-Ray tube
during exposure. The central control unit 10 can take a
variety-of forms well known in the art, and need not be
discussed in detail for purpose of the present disclosure.
Suffice it to say, this unit contains the various controls,
e.g., exposure time, high voltage setting, beam setting,
etc. which the operator adjusts for the purposes of con-
trolling the exposure. As is well known in the art, be-
cause of the high beam energies involved, the anode of

the X-Ray tube is prone to severe cratering arising from

the electron impact and local heating. As a result of this,
a standard practice is to provide a motor-driven rotat-
able anode integral with the X-Ray tube structure so
that the electron beam does not dwell for a substantial
period of time upon a given anode region, thereby
spreading the heat dissipation around the structure, and
substantially supressing the aforementioned cratering
action.

It appears to be well established in the industry that
an operating speed of approximately 9,000 r.p.m. i1s
optimum for the “run” speed of the motor during expo-
sure. The function of the motor control unit 12 in FIG.
1 1s to accelerate the anode motor to an optimum “‘run”
speed in the neighborhood of 10,000 r.p.m. in minimum
possible time. The shorter this acceleration time can be
held, the shorter is the passage through the dangerous
resonances in the 6,000-7,000 r.p.m. range, and the total
high speed runnming time of the motor is correspond-
ingly mimimized. To accomplish this, the motor control
unit 12 provides for a high initial power delivery to the
motor 40 over motor lines 46—46 during a prescribed
acceleration interval set by a timer 26, responsively to a
start signal provided by the central control unit. This
provision is here schematically indicated by closure of a
switch 22.

Closure of switch 22 actuates a timer 26 via a control
line 42. The function of this timer is to control a control-
lable power supply 24 fed via power lines 18 and 20
connected to the main power lines 14 and 16 to produce
a high DC voltage output supplied to an inverter 28 for
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a prescribed period of time, i.e., during the acceleration
phase, and thereafter to control the power supply to
provide a reduced voltage to this inverter 28 during the
“run” phase once the motor is up to the proper speed
for exposure. The frequency of the output power sup-
plied to the motor via lines 34, 36, 38 from inverter 28 is
governed by a controlled oscillator 30, this oscillator 1n
turn having its frequency controlled by the timer 26 so
that during the initial acceleration phase the oscillator
30 is caused to run at 225 Hz., and during the run phase
at 180 Hz.,

Thus, during acceleration the high voltage 225 Hz.
condition is applied to the motor 40, and when the
motor has reached a proper operating speed above
9,000 r.p.m. the timer causes the motor drive voltage
and frequency both to be reduced. The time at which
the timer makes the transition in its control function is
set largely by the known properties of the motor, and 1s
most simply achieved by empirical adjustment. Alterna-
tively, suitable sensings could be derived from the
motor itself and fed to the motor conirol unit 12 by a
suitable feedback arrangement.

A brake circuit 32 is normally interposed between the
inverter 28 and the motor 40, this circuit serving to
decelerate the motor rapidly upon termination of the
exposure cycle. This may be achieved by a variety of
methods which are of no concern here; however, one
well-known method is to short the main line 34 together
with the phase line 36, and to apply a consistant poten-
tial between this pair and the common line 38. During
this phase the inverter lines 34-38 are disconnected by
suitable switching means.

In the preferred form of the invention to be described
herein, the motor 40 is powered during the acceleration
phase by 225 Hz. square wave of the order of 700 volts
r.m.s., and during the run phase by a 100-150 volt r.m.s.
square wave at 180 Hz. It will be noted that this latter
value corresponds to a synchronous rotation rate of
10,800 r.p.m. as indicated by the dashed horizontal line
in FIG. 4.

Further with respect to FIG. 4, there are shown two
experimentally determined points P1 and P2, one corre-
sponding to the normal windup time of a conventional
system using 180 Hz. continuous power application and
requiring 4.5 seconds to accelerate to a speed of 9,600
r.p.m., followed thereafter by the usual asymptotic ap-
proach to the synchronous speed of 10,800 r.p.m. The
“180 Hz.” line there shown represents the situation
where maximum power has been applied to the motor
as limited by saturation effects, power having been
reduced to a suitable value after 4.5 seconds to prevent
the aforementioned overheating. The second curve,
labeled “225 Hz.” shows the acceleration of the present
system using both voltage and frequency shifting. It will
be noted that a substantial reduction in windup time has
been achieved.

With the exception of the experimental points P1 and
P2 and the synchronous indicated speed, these curves
are only approximate with respect to initial accelera-
tions; asymptotic behavior typically begins to set in
earlier than indicated.

Turning now to the principal details of the system,
namely the controllable power supply 24, the inverter
28, and the controlled oscillator 30, reference i1s now
made to FIG. 2, wherein these three subsystems are
denoted by dotted boundaries. Considering first the
controllable power supply 24, the objective here is to
provide initially on output lines L7 and L8 thereof dur-
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ing an initial predetermined period a voltage of approxi-
mately 160 volts, and thereafter during the run phase a
reduced voltage of 40 volts. This 1s most expeditiously
provided by a logic-controlled phase shift recitifer sys-
tem configured as a full wave bridge circuit consisting
of SCR of two silicon controlled rectifiers (SCR’s) TS
and T6 in conjunction with diodes D1 and D2. System
from the power mains is provided via lines 18 and 20
through a transformer 10 to provide power to this full
wave rectifier, the output being supplied to output lines
L7 and L8 through a simple inductor input filter con-
sisting of inductor 16 and capacitor C3. The voltage
developed across capacitor C3 will be governed by the
firing angles of the SCR’s TS and T6. The firing angle
of the SCR’s is governed by switch S1A, here shown
functionally as a simple single-pole double-throw
switch. As previously discussed, the choice of switch-
ing means whereby the power supply is caused to be is
actuated between low voltage and high voltage condi-
tions is immaterial, and may be achieved either by a
timer as shown, or by feedback systems as previously
mentioned. Switch S1A is therefore to be regarded as
the functional equivalent of whatever control system or
logic is used to control the two states of the controllable
power supply 24. As will be shortly seen, switch S1A
could readily take the form of a logic gate.

With respect to achieving the control of the phase-
shift rectifier section, triggering pulses are supplied at
appropriate times during the power line waveform via
transformers 12 and 14 so as to set the conduction angle
of the two SCR’s TS and T6 either through a complete
half cycle each, or alternatively only during a terminal
portion thereof. To achieve this control, a logical gating
system is provided, and will now be discussed.

A portion of the output voltage of transformer 10 is
provided to an amplitude comparator A via capacitor
C8 and an attenuator consisting of resistors R1 and R2.
Capacitor C8 is chosen sufficiently large that negligible
phase shift occurs in this network. The resulting wave-

form is fed to the input of comparator A via line L0.

The voltage on line LO (VLO0) is shown in FIG. 3A.
Here the end of the second and fourth quadrants of the
power line waveform are indicated as poists X and Y
respectively. Points B and D represent desired trigger-
ing points for the SCR’s TS and T6 to be controllably
selected by switch S1A to provide the low power out-
put condition of the controllable power supply 24. The
output of the amplitude comparator A is fed via line L1
to the mput terminal 1 of AND gate G1, and through a
delay network R3-Cl to terminal 2 thereof. As a result,
the square waveform VL1 on line 1.1 (FIG. 3B) is con-
verted to a train of short pulses at the output of gate G1
on line L2 to produce the wave train shown in FIG. 3C.
Thus, SCR TS may be triggered either initially in the
first quandrant shown in FIG. 3A to provide maximum
power supply output voltage, or alternatively to pro-
vide a reduced output voltage by firing late in the sec-
ond quadrant, 1.e., at point B, by selection of the wave-
form VL1 (FIG. 3B) or VL2 (FIG. 3C) to govern the
triggering voltage. Selection of either the waveform on
line L1; or that on line L.2 is accomplished by means of
a cross-coupled gating logic consisting of the two
- NAND gates G2 and G3. It will be appreciated that
whenever gate G2 is disabled, as by grounding switch
S1A, gate G3 is automatically enabled, because of the
cross-coupling. Thus, with switch S1A grounded gate
G2 1s disabled, gate G3 is enabled, and the voltage
waveform on line L2 is passed to the OR gate G4 to be

10

15

20

25

30

35

45

50

35

60

65

6

amplified by the transistor pair T1, T2 to drive the pulse
transformer 12 and trigger the SCR T5. With switch
S1A connected to + 35 volts the reverse process occurs,
and the waveform on line L1 is supplied through the
gates to the SCR T5. Thus SCR T35 is triggered to fire
substantially throughout the entire first two quadrants

of FIG. 3A, or alternatively late in the second quadrant
thereof. To achieve reliable firing early in the first quad-
rant, it i1s only necessary that transformer 12 to have
adequate low frequency response so that its output does
not substantially sag over an interval of several millisec-
onds. |

Synchronous firing of the second SCR Té6 either
throughout the entire third and fourth quadrant of FIG.
3A, 1.e., between points X and Y, or alternatively late in-
the fourth quadrant, i.e., at point D, is accomplished by
identical means. Here the original waveform VL1 line
L1 (FIG. 3B) is fed through an inverter I1 to drive an
identical logic network, similarly controlled by switch
S1A to control the firing of SCR T6. Thus, one
achieves a logically controilable low voltage or high
voltage output at the terminals 1.7 and L8 of the con-
trollable power supply 24 according to the logical state
of switch S1A. | N

The inverter 28 is driven by signals produced on
control lines L10 and L14 and having a frequency of
either 180 Hz. or 225 Hz. to switch the DC voltage
provided on lines L7 and L8 through alternate halves of
the input winding of transformer 44, using controlled
switching of SCR elements T7 and T8. These control -
signals are in the form of square waves of the appropri-
ate frequency applied to the inputs of pulse transformers
40 and 42, having their outputs connected respectively
to the trigger electrodes of the two SCR units T7 and
T8. Reverse transient protection is provided by spike
suppression networks R7-D3 and R8-D4 connected
across each of the SCR’s T7 and T8. Transformer 44
supplies output power to drive the motor via main
motor line 34, via capacitor C4 to phase line 36, and to
the common line 38. S

The voltage controlled oscillator 30 contains a fixed
frequency oscillator operating at 4.096 megaherz. gov-
erned by crystal X connected in the feedback path
around inverter 12 and having an associated network
R9, R10, C5 and C6. The output waveform is fed to
terminal Q1 of a rate multiplier 46. The particular ele-
ment shown 1s a fractional divider set to controllably
provide a diviston of 12/16 or 14/16, the particular pin
designation shown in parenthesis in this element corre-
sponding to a type 4089 rate multiplier commonly avail-
able on the commercial market, and manufactured by
National Semiconductor Corporation, among others.
Terminal Q3 of the rate multiplier 46 is shown con-
nected to rotor of switch S1B, here shown functionally
ganged to switch S1A of the controllable power supply
24, and operable between either a grounded or a high
state. In the grounded state the rate multiplier produces
the aforementtoned 12/16 division, whereas in the high
state a division of 14/16 is provided. The frequency-
divided waveform produced at the output terminal Q2
of the rate multiplier 46 is fed to the input terminal Q4
of a settable divider 48. The pin designations shown
here in parentheses correspond to that of a type 4020
divider manufactured by National Semiconductor Cor-
poration among others. This element is established to
provide a division by a factor of 16,384. As may readily
be verified, the output at terminal QS5 of this unit will
then provide an output frequency of either 180 Hz. or
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225 Hz., according to the setting of switch S1B. The
output wave train from terminal QS of the controllable
divider 48 is fed through a driver D and a resistor R11
to the transistor pair T9, T10 and thence via line L10 to
trigger SCR T7 via transformer 40. The logical inverse
of this train is provided by an inverter 12 driving transis-
tor pairs T1! and T12 to transformer 42, which in turn
triggers SCR T8. It will further be noted that frequency
selector switch S1B is only functional in nature, and
may equally well take the form of a logical control gate
in synchronism with switch S1A. The various means
whereby switches S1A and S1B may be controlled,
either by means of a timer, or alternatively by the vari-
ety of other well-known means, will be apparent by
those of ordinary skill in the art.

Thus, the above referenced system supplies over
prescribed interval of time during the acceleration
phase of the motor a high drive voltage at elevated
frequency to provide maximum motor windup torque,
followed by a reversion to a low power and reduced
frequency condition once the motor is up to speed, a
necessary feature if excessive motor heating and con-
comitant possible high voltage flashover 1s to be
avoided.

While the invention has been particularly shown and
described with reference to a preferred embodiment
thereof, it will be understood by those skilled 1n the art,
that various changes in form and details may be made
therein without departing from the spirit and scope of
the invention.

I claim: .

1. A system operable from an alternating current
source including means for providing power at a first or
normal running level and at a first operating frequency
to a motor for driving a rotatable anode of an X-Ray
tube at a given operating speed, control circuitry for

10

15

20

25

30

35

45

50

33

65

8

controlling the operation of the motor to accelerate the
rotation of said anode from a first condition to the oper-
ating speed, said control circuitry including means for
effecting a boost cycle at a second higher frequency and
a relatively higher second power lever to said motor to
accelerate said anode without saturating the motor cir-
cuitry, means for controlling the duration of said boost
cycle, and means for changing the operating mode of
said system from said second frequency and power level
to said first operating frequency and power level.

2. A system as in claim 1 including timer means for
operating said system at said second frequency for a
preset time.

3. A system as in claim 1 further including means for
sustaining the boost cycle until the running speed of the
rotor is substantially attained.

4. A method of accelerating an anode of an X-ray
tube having a rotating anode driven by an induction
motor wherein the motor is powered to accelerate said
anode during a boost cycle from a stopped condition to
a running condition at a preset speed consisting of the
steps of

(a) applying a first high voltage to the motor at a first
and high boost operating frequency;

(b) applying a second relatively lower voltage to the
motor at a second or relatively lower running fre-
quency; and

(¢) changing from said first voltage and said first
frequency to said second voltage and said second
frequency when said motor has reached a selected
speed.

5. A method as in claim 4 wherein step (c) consists of

changing from said first voltage and first frequency to
said second voltage and said second frequency after a

selected time.
X * & e *
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